In vivo kinematics of the thumb during flexion and adduction motion: Evidence for a screw-home mechanism by D'Agostino, Priscilla et al.
 1 
In vivo kinematics of the thumb during flexion and adduction motion: evidence for a 1 
screw-home mechanism 2 
Running Head: In Vivo Thumb Kinematics 3 
Priscilla D’AGOSTINO, M.D.*1,2,3, Benjamin DOURTHE, MSc1, Faes KERKHOF, MSc1,  4 
Filip STOCKMANS, M.D., Ph.D.1,4, Evie E. VEREECKE, MSc, Ph.D.1 5 
 6 
1 Muscles & Movement, Department of Development and Regeneration, Biomedical Sciences 7 
Group, KU Leuven Kulak, Belgium; 8 
2 Louise Hand Clinic, Brussels, Belgium; 9 
3 Europe Clinic, St-Elisabeth Clinic, Brussels, Belgium; 10 
4 Handgroep, AZ Groeninge, Kortrijk, Belgium 11 
 12 
Corresponding author: 13 
 14 
Priscilla D’AGOSTINO  15 
 16 
1. PhD Researcher: 17 
Muscles & Movement 18 
Department of Development and Regeneration 19 
Biomedical Sciences Group  20 
KU Leuven Campus Kulak Kortrijk 21 
Etienne Sabbelaan 53 22 
B-8500 Kortrijk 23 
Belgium 24 
 25 
2. Orthopaedic Surgeon: 26 
Louise Hand Clinic 27 
Avenue Louise, 284 28 
B-1050 Brussels 29 
Belgium 30 
 31 
And,  32 
 33 
Europe Clinic 34 
St-Elisabeth Clinic 35 
Avenue De Fré, 206 36 
B-1180 Brussels 37 
 38 
@ : dagostinoprish@gmail.com 39 
Telephone number: 0032 496 89.83.29 or 0032 2 734.06.71 40 
 2 
Author Contributions:  41 
PDA made contributions to the study design, was responsible for participant recruitment, data 42 
collection, data processing, analysis and interpretation, drafting, editing and revising the 43 
manuscript.  44 
BD was responsible for data processing and interpretation, editing and revising the manuscript 45 
and for creation of the figures.  46 
FK made contributions to the collection, analysis and interpretation of the data.  47 
FS made contributions to the conception and design of the study, to participant recruitment and 48 
interpretation of the data. 49 
EEV made contributions to the study concept and design, to participant recruitment, data 50 
analysis and interpretation, editing and revising the manuscript. 51 
 52 
All authors have read and approved the final submitted manuscript.   53 
 3 
In vivo kinematics of the thumb during flexion and adduction motion: evidence for a 54 
screw-home mechanism 55 
 56 
Abstract 57 
The thumb plays a crucial role in basic hand function. However, the kinematics of its entire 58 
articular chain have not yet been quantified. Such investigation is essential to improve our 59 
understanding of thumb function and to develop better strategies to treat thumb joint 60 
pathologies. 61 
The primary objective of this study is to quantify the in vivo kinematics of the 62 
trapeziometacarpal (TMC) and scaphotrapezial (ST) joints during flexion and adduction of the 63 
thumb. In addition, we want to evaluate the potential coupling between the TMC and ST joints 64 
during these tasks. 65 
The hand of 16 asymptomatic women without signs of thumb osteoarthritis were CT scanned 66 
in positions of maximal thumb extension, flexion, abduction and adduction. The CT images 67 
were segmented and three-dimensional surface models of the radius, scaphoid, trapezium and 68 
the first metacarpal were created for each thumb motion. The corresponding rotations angles, 69 
translations and helical axes were calculated for each sequence. 70 
The analysis shows that flexion and adduction of the thumb result in a three-dimensional 71 
rotation and translation of the entire articular chain, including the trapezium and scaphoid. A 72 
wider range of motion is observed for the first metacarpal, which displays a clear axial rotation.  73 
The coupling of axial rotation of the first metacarpal with flexion and abduction during thumb 74 
flexion supports the existence of a screw-home mechanism in the TMC joint.  In addition, our 75 
results point to a potential motion coupling between the TMC and ST joints and underline the 76 
complexity of thumb kinematics. 77 
Keywords: thumb, kinematics, TMC joint, medical imaging 78 
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Introduction 79 
The thumb is the most critical digit to overall hand function and its high mobility is important 80 
for the dexterous capacity of the human hand. The wide range of motion of the thumb is mainly 81 
achieved through motion at the basal thumb joint or trapeziometacarpal (TMC) joint [1]. This 82 
saddle-shaped joint has two principal axes of motion [2] allowing extension-flexion (Ex-Fl) 83 
and abduction-adduction (Ab-Ad) of the thumb. In addition, the thumb can rotate around its 84 
long axis, a movement also referred to as pronation-supination (Pro-Sup). During opposition of 85 
the thumb, which is typically used to score thumb mobility and functionality (i.e. Kapandji 86 
score [3]), flexion, adduction and pronation are combined. 87 
The biomechanics of the thumb have been extensively described in previous studies [2, 4-6]. 88 
Important in the functioning of the thumb is the existence of a screw-home mechanism [4,5], 89 
characterized by an axial rotation of the MC1 during which soft-tissues surrounding the TMC 90 
joint generate a stabilizing screw-home motion at the end phase of thumb flexion and thumb 91 
opposition. This can be compared to the screw-home mechanism of the knee, where external 92 
rotation of the tibia occurs at the end of knee extension [7]. It has been suggested by Haines [8] 93 
and Edmunds [4,5] that the screw-home torque occurring during thumb opposition leads to a 94 
congruent joint with tightening of the dorsal ligaments, offering a stable configuration for 95 
powerful gripping and pinching. 96 
Despite this detailed appraisal, a quantification of the entire joint chain kinematics, including 97 
not only the trapeziometacarpal (TMC) but also the scaphotrapezial (ST) joint, remains lacking.  98 
This is largely due to the fact that in vivo assessment of motion of the small carpal bones is 99 
difficult using conventional techniques such as surface-based three-dimensional (3D) motion 100 
capture systems [9-14]. While these techniques allow accurate measurement of kinematics of 101 
the knee joint, applicability to the thumb joints is limited due to skin motion artefacts and the 102 
complex 3D configuration of the carpal bones. This issue is circumvented using a CT-based 103 
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acquisition protocol with a direct tracking of bone motion [15]. Since its first description in 104 
1999, this CT-based technique has been explored further and used in different studies 105 
investigating the TMC joint [16-18]. In addition to this CT-based method, MRI has also been 106 
used to track MC1 motion and study the TMC kinematics [19]. However, these studies use a 107 
unique coordinate system attached to the trapezium to describe the TMC joint kinematics, 108 
without studying the entire articular chain. Despite the high value of these studies in elucidating 109 
the kinematics of the TMC joint, the more proximal joint in the articular chain, namely the ST 110 
joint, remains therefore excluded from the analyses.  111 
To circumvent this problem, we modified the CT-based technique developed by Crisco and 112 
colleagues [15] and used a radius-based coordinate system in our analysis. We applied our 113 
modified protocol on a group of healthy female volunteers to accurately quantify the 3D 114 
kinematics of the entire articular chain of the thumb, from the scaphoid to the MC1, during the 115 
primary physiological motions (Ex-Fl and Ab-Ad). Such investigation is required to improve 116 
our understanding of thumb joint kinematics, which is essential to develop more effective 117 
fracture treatment (e.g. MC1, scaphoid) and surgical procedures (e.g. first metacarpal and 118 
trapezial osteotomy, ligament reconstruction) for thumb (joint) pathologies. In addition, a better 119 
understanding of thumb motion can contribute to better TMC joint implant design, more closely 120 
aligned with the native joint kinematics, and can lead to a better appraisal of the pathogenesis 121 
of thumb joint osteoarthritis (OA). 122 
123 
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Methods (Level of Evidence: Level I Prognostic Study) 124 
Subject selection 125 
The study was approved by the Medical Ethical Committee of the University of Leuven, 126 
Belgium (number B322201420166). After providing informed consent, a total of sixteen 127 
volunteers were recruited as part of a larger cohort study on thumb joint kinematics and 128 
osteoarthritis (OA). The inclusion criteria were: 1) female sex; 2) age more than 50 years; 3) 129 
no thumb pain (asymptomatic); 4) Eaton stage < II on X-rays. Before enrolment, each subject 130 
underwent a clinical examination of both hands by an experienced hand surgeon (PDA) to rule 131 
out pathological conditions and to determine the dominant hand. The dominant hand was 132 
considered as the hand with the greatest strength during lateral pinch and power grasp force 133 
measurements. Each subject underwent a radiological assessment of the dominant hand. 134 
Subjects were excluded if they had any of the following comorbidities: thumb traumatic injury, 135 
thumb surgery, inflammatory arthritis, metabolic bone disease and signs of TMC or 136 
scaphotrapezotrapezoidal (STT) OA. Each candidate completed the Disabilities of Arm, 137 
Shoulder and Hand (DASH) and the Patient Rated Wrist Evaluation (PRWE) questionnaires. 138 
The group of asymptomatic volunteers included 16 women (15 right and 1 left dominant hand) 139 
with a mean age of 59.5 years (range: 50-82 years), a mean DASH score of 3.9 (range: 0-15.2) 140 
and a mean PRWE score of 1.5 (range: 0-7.5). 141 
 142 
CT scanning protocol 143 
The dominant wrist and thumb of each subject were scanned using a 64 slice Discovery HD 144 
750 CT scanner (GE Healthcare, Little Chalfont, UK) at the hospital AZ Groeninge, Kortrijk, 145 
Belgium. The scanning parameters are listed in Table 1. Each subject was scanned from the 146 
distal part of the radius to the first metacarpophalangeal joint in four extreme positions: at 147 
maximal active extension (Ex), flexion (Fl), abduction (Ab) and adduction (Ad) of the thumb 148 
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(Fig. 1a-d). A custom-designed, radiolucent, polycarbonate rig (Orthopaedic Bioengineering 149 
Laboratories, Brown University/Rhode Island Hospital, Providence, RI, USA) was used to 150 
standardize the motion of the thumb during active Ex-Fl and Ab-Ad. The same setup and 151 
protocol was used as in scanning experiments by Crisco and colleagues [16,20]. The forearm 152 
was positioned in an arm rest and held stationary. A first vertical plate was placed against the 153 
dorsal part of the distal forearm and dorsal side of the hand to constrain the wrist in a neutral 154 
position (0° of extension or flexion) and to avoid motion of other hand joints. The Ex-Fl motion 155 
was ensured by a second vertical polycarbonate plate, oriented with a 30° angle to the first 156 
polycarbonate plate supporting the dorsum of the hand (Fig. 1a-b). Ab-Ad motion was 157 
performed along a horizontal polycarbonate plate positioned at the radial surface of the index 158 
finger (Fig. 1c-d). The radiation dose was estimated to 6.85 mGy (CT dose index volume) for 159 
one static scan. 160 
   161 
Image processing  162 
Four static scans (i.e., Ab, Ad, Ex and Fl) were analysed for each subject using dedicated 163 
medical imaging processing software (Mimics Research17.0 64x, Materialise, Leuven, 164 
Belgium). The radius, scaphoid, trapezium and MC1 were segmented semi-automatically from 165 
the CT image data (DICOM format) using CT bone tool plug-in (Materialise, Leuven, Belgium) 166 
and fixed segmentation parameters (thresholding: min. of 294 Hounsfield, smoothing: 1 167 
iteration, smooth factor of 0.4).  For each bone and each position, 3D surface models were 168 
generated and exported in STL-format.  169 
A local radius-based coordinate system in agreement with ISB standards [21] was defined using 170 
three anatomical landmarks on the radius: (1) the lowest point on the distal border of the ulnar 171 
notch (bordering the lunate fossa), (2) the proximal border of the ulnar notch, and (3) the tip of 172 
the radial styloid. As shown in Fig. 2, these landmarks defined a local coordinate system with 173 
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the origin placed at (1), the Y-axis defined as the vector pointing from (1) to (2), the Z-axis 174 
being perpendicular to the Y-axis and the line parallel to the Y-axis passing by (3), and the X-175 
axis as the vector perpendicular to the Y- and Z-axes. 176 
 177 
Bone kinematics 178 
Custom Matlab code (MathWorks, Natick, USA) was written to calculate the transformation 179 
matrices between extreme positions (i.e. maximal Ex-Fl and maximal Ab-Ad) of the bones 180 
based on an iterative closest point (ICP) algorithm. For each bone, the ICP algorithm calculated 181 
the transformation matrix 𝑇𝑟 from one position to another based on the entire 3D mesh and 182 
relatively to the more proximal bone (i.e. MC1 relative to the trapezium, trapezium relative to 183 
the scaphoid, scaphoid relative to the radius). 184 
𝑇𝑟 = [
𝑟𝑥1 𝑟𝑥2 𝑟𝑥3 𝑡𝑥
𝑟𝑦1 𝑟𝑦2 𝑟𝑦3 𝑡𝑦
𝑟𝑧1 𝑟𝑧2 𝑟𝑧3 𝑡𝑧
0 0 0 1
] 185 
Each transformation matrix was decomposed into a rotation matrix R and a translation vector 186 
T. The total translation of each bone relative to its proximal neighbour was calculated as the 187 
norm of the translation vector T. The rotation matrix was decomposed in three principal rotation 188 
matrices, Rz, Ry and Rx: 189 
𝑅 = [
𝒓𝒙𝟏 𝒓𝒙𝟐 𝒓𝒙𝟑
𝒓𝒚𝟏 𝒓𝒚𝟐 𝒓𝒚𝟑
𝒓𝒛𝟏 𝒓𝒛𝟐 𝒓𝒛𝟑
] = 𝑅𝑧(𝛼)𝑅𝑦(𝛽)𝑅𝑥(𝛾) 190 
with ,  and  representing the rotation angles along the z-, y- and x-axes respectively. 191 
𝑅𝑧(𝛼) = (
𝑐𝑜𝑠𝛼 −𝑠𝑖𝑛𝛼 0
𝑠𝑖𝑛𝛼 𝑐𝑜𝑠𝛼 0
0 0 1
) 192 
𝑅𝑦(𝛽) = (
𝑐𝑜𝑠𝛽 0 𝑠𝑖𝑛𝛽
0 1 0
−𝑠𝑖𝑛𝛽 0 𝑐𝑜𝑠𝛽
) 193 
𝑅𝑥(𝛽) = (
1 0 0
0 𝑐𝑜𝑠𝛾 −𝑠𝑖𝑛𝛾
0 𝑠𝑖𝑛𝛾 𝑐𝑜𝑠𝛾
) 194 
 195 
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This decomposition allowed us to calculate the rotation angles as a function of the rotation 196 
matrix components. 197 
𝛼 = asin (
𝑟21
𝑐𝑜𝑠(− 𝑎𝑠𝑖𝑛(𝑟31))
)    𝛽 = −asin (𝑟31)  𝛾 = asin (
𝑟32
𝑐𝑜𝑠(− 𝑎𝑠𝑖𝑛(𝑟31))
) 198 
 199 
Helical axes were calculated for the MC1, trapezium and scaphoid based on the transformation 200 
matrices. A helical axis is a mathematical tool which provides a simplified representation of 201 
motion by expressing the kinematics of a system as a single rotation about and a single 202 
translation along a unique axis in 3D space [22]. We calculated the relative motion between 203 
two adjacent bones to provide visual feedback on the overall motion of each bone and to assess 204 
potential joint coupling during Ex-Fl and Ab-Ad motion of the thumb. In addition, we 205 
calculated the angle between the Ex-Fl and Ab-Ad helical axes for each bone. 206 
207 
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Results 208 
The kinematic analysis demonstrates that Ex-Fl and Ab-Ad of the thumb result in rotation and 209 
translation of both the MC1 and the trapezium, but also of the scaphoid. The largest motion is 210 
observed for the MC1 and includes a clear rotation around its longitudinal axis. During the 211 
primary motions of the thumb, the Ex-Fl and Ab-Ad helical axes of the MC1 are non-orthogonal 212 
and nonintersecting (dark and light blue axes on Fig. 3). The same result can be observed for 213 
the trapezium (dark and light green axes on Fig. 3). The helical axis of the scaphoid exhibits a 214 
similar orientation than the axes of the MC1 and trapezium during Ex-Fl motion (light purple 215 
axis on Fig. 3), but has a different direction during Ab-Ad (dark purple axis on Fig. 3).  The 216 
mean angles between the Ex-Fl and Ab-Ad helical axes were 142.5° ± 28.1° (average ± standard 217 
deviation) for the MC1, 140.4° ± 28.6° for the trapezium, and 64.3° ± 39.3° for the scaphoid. 218 
During flexion of the thumb (Ex-Fl), the MC1 flexes to 30.7° ± 12.4°. This flexion is associated 219 
with a strong abduction of 30.5° ± 13.1° and a clear internal rotation (pronation) of 13.6° ± 220 
10.2° of the MC1, combined with a total translation of 4.5 mm ± 2.5 mm, mainly oriented in a 221 
radial-ulnar direction, as illustrated in Fig. 4 and Table 2. During adduction of the thumb (Ab-222 
Ad), we observe an adduction of the MC1 of 33.7° ± 10.4°, which is associated with an external 223 
rotation (supination) of 13.2° ± 6.5°, an extension of 5.0° ± 4.5° and a total translation of 9.7 224 
mm ± 2.2 mm of MC1, also oriented in a radial-ulnar direction, as illustrated in Fig. 5 and Table 225 
3. We noted a substantial inter-individual variation in amount of MC1 rotation during both Ex-226 
Fl and Ab-Ad. One subject demonstrated a very pronounced axial rotation of the MC1, with 227 
values up to 42° during Ex-Fl and 26° during Ab-Ad. 228 
In addition, we also observed a non-negligible movement of the trapezium and scaphoid. 229 
During flexion of the thumb, the trapezium and scaphoid flex together with the MC1 (4.4° ± 230 
3.5° and 2.7° ± 1.8°, respectively). In addition, there is some abduction (trapezium: 5.1° ± 4.3°, 231 
scaphoid: 4.1° ± 3.5°) and internal rotation (trapezium: 3.8° ± 2.9°, scaphoid: 1.9° ± 1.6°) of 232 
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the trapezium and scaphoid following the motion of the MC1 (Table 2). During thumb 233 
adduction, the trapezium and scaphoid adduct together with the MC1 (5.1° ± 3.4° and 4.7° ± 234 
3.2°, respectively), which is associated with some external rotation (trapezium: 2.8° ± 1.6°, 235 
scaphoid: 2.1° ± 1.9°) and extension (trapezium: 3.8° ± 2.4°, scaphoid: 1.6° ± 1.5°) (Table 3). 236 
These observations suggest that during the primary motions of the thumb, the TMC and ST 237 
joint kinematics are coupled, with the ST joint displaying similar rotation and translation 238 
patterns, but with a lower magnitude.  239 
240 
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Discussion 241 
Kinematics of the first metacarpal 242 
We observed that flexion and adduction of the thumb are associated with rotations of the MC1 243 
in all three directions (Ab-Ad, Ex-Fl, Pro-Sup); pure rotation around a single axis did not occur, 244 
which has also been observed by Cooney et al. [6].  245 
During flexion (Ex-Fl) of the thumb, we calculated a mean MC1 flexion of 30.7°, associated 246 
with a mean MC1 abduction of 30.5° and a mean MC1 pronation of 13.6°. Cheze et al. [23] and 247 
Crisco et al. [16] reported a higher mean MC1 flexion (up to 45°) during thumb flexion, but the 248 
associated MC1 abduction was very similar to our observations (Cheze et al. [23]: approx. 30°). 249 
They also quantified the pronation-supination of the MC1 during flexion of the thumb, which 250 
corresponds quite well to the amount of axial rotation that we quantified during thumb flexion 251 
(Crisco et al. [16]: a mean MC1 pronation of 16°; Cheze et al. [23]: up to 24° MC1 pronation). 252 
Cooney et al. [6] also studied TMC kinematics during active flexion of the thumb, but their 253 
results are difficult to compare with our data because active flexion was initiated from a resting 254 
posture, while we measured motion starting from full extension. Even though the rotations are 255 
smaller, a similar combination of flexion, abduction and pronation of MC1 during thumb 256 
flexion was found (MC1 flexion: 15°, abduction: 2°, pronation: 6°; Cooney et al. [6]). 257 
During active adduction (Ab-Ad) of the thumb, 33.7° of MC1 adduction was associated with 258 
13.2° of supination and 5.0° of extension. In a recent study, Crisco et al. [16] reported a larger 259 
amount of MC1 adduction (42°) which was also associated with a similar degree of supination 260 
(18°). 261 
The dissimilarities reported between the work of Crisco et al. [16] and the present study in terms 262 
of maximal flexion and adduction angles of MC1, during respectively thumb flexion and 263 
adduction, might come from differences in study group composition. Crisco et al. [16] included 264 
both males and females in his study and the age range was lower than in our study (40 to 75 265 
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years vs. 50 to 82 years). Although they reported no association between either age or sex (after 266 
normalizing for bone size) and helical axes calculation, the inclusion of men in their group and 267 
the lower maximal age could explain the higher range of motion during flexion and adduction 268 
compared to our study. Halilaj et al. [24] showed in a recent study that asymptomatic women 269 
can exhibit patterns of TMC joint space narrowing with aging, which can be assumed to have 270 
an impact on the overall range of motion.  271 
The observation that the primary motions of the thumb are associated with a significant amount 272 
of axial rotation of MC1 is consistent with the findings of previous studies [6,16,23]. As the 273 
thumb flexes, the MC1 will flex, abduct and pronate, while adduction of the thumb will lead to 274 
adduction of MC1 which is associated with supination and extension. 275 
In this study, we observed that the helical axes of the MC1 during Ex-Fl and Ab-Ad of the 276 
thumb are non-orthogonal and non-intersecting (blue axes on Fig. 3), which is in agreement 277 
with previous TMC joint kinematic studies [16,25]. More specifically, Crisco et al. [16] showed 278 
that the helical axis of the MC1 during flexion of the thumb did not only have a main component 279 
along the flexion (z-) axis, but also had two important components along the adduction (x-) axis 280 
and axial rotation (y-) axis, which is also demonstrated here. 281 
However, when we reorient our 3D figures to match the coordination system and orientation 282 
used in the study of Crisco et al. [16], we can observe that the helical axis of the MC1 during 283 
thumb flexion has a larger component along the z-axis in the latter study. This could be due to 284 
the different range of motion during thumb flexion in both studies. In Crisco et al. [16], the 285 
average amount of MC1 flexion was larger for a comparable amount of internal rotation. Thus, 286 
the ratio between these two components (i.e. slope of the helical axis in the y-z-plane) was 287 
higher in the study of Crisco et al. [16], leading the helical axis of the MC1 to be more aligned 288 
with the flexion (z-) axis. Such insights show the complexity of thumb kinematics, which 289 
usually are a combination of 3D rotations, even during primary thumb motions.  290 
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We calculated a mean angle of 142.5° ± 28.1° between the Ex-Fl and Ab-Ad helical axes of the 291 
MC1, which is higher than previous results: Hollister et al. [25] reported an angle of 107.3° ± 292 
8.4°, Cerveri et al. [19] found an angle of 111.9° and Crisco et al. [16] calculated an angle of 293 
124°  2°. 294 
 295 
Kinematics of the trapezium and scaphoid, and inter-joint coupling 296 
In addition to the well-known motion of the MC1, we observed a significant motion of the 297 
trapezium and scaphoid for each subject during both Ab-Ad and Ex-Fl of the thumb. The 298 
kinematics of these two carpal bones have been described in previous in vitro and in vivo reports 299 
[26-30], mainly in the context of wrist motion, making the comparison with our results 300 
challenging. In the present study, we assessed the kinematics of the MC1, trapezium and 301 
scaphoid in the context of primary thumb motion, which, to our knowledge, had not yet been 302 
investigated. Although the direction of motion differed (e.g. flexion of the trapezium and 303 
scaphoid during Ex-Fl vs. extension during Ab-Ad), the amount of rotation and translation was 304 
comparable between configurations, showing the existing but limited range of motion of the 305 
trapezium and scaphoid. This limitation of motion amplitude might be due to several 306 
morphological parameters such as bone geometry and ligamentous constraints, as suggested by 307 
Moojen et al. [28]. In addition, the standard deviations demonstrated a strong variability 308 
between volunteers. Such insights agree with previous studies reporting a spectrum of measured 309 
kinematics for the trapezium and scaphoid during wrist movements [26,28,31,32]. 310 
In a more biomechanical perspective, these small but existing movements need to be considered 311 
as part of a kinematics chain, where the motion of each element contributes to the overall 312 
motion of the end point (i.e. tip of the thumb). This indicates that the full range of motion of 313 
the thumb depends on the ability of each carpal bone to extend the motion of the MC1. In this 314 
study, we observed that the helical axes of the MC1 and trapezium were consistently aligned 315 
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for each subject, showing a potential coupling between the TMC and ST joints. This inter-joint 316 
coupling is most likely due to the ligamentous linkage between both joints and might facilitate 317 
the control of the articular chain of the thumb. We observed more variability with the helical 318 
axis of the scaphoid, which, in some cases, was almost perpendicular to those of the MC1 and 319 
trapezium (i.e. Figure 3, Ab-Ad motion), but which remained aligned for most subjects. This 320 
variation is also shown by a smaller mean and larger standard deviation when calculating the 321 
angle between the helical axes of each task for the scaphoid. Woltring et al. [22] demonstrated 322 
that the calculation of helical axes parameters was highly sensitive during motions of small 323 
amplitude, which might explain why the orientation of the helical axis of the scaphoid differed 324 
in a few cases. Another potential explanation of this phenomenon might come from the 325 
independent nature of the scaphoid kinematics, as demonstrated by Wolfe et al. [27], who stated 326 
that the motion of the scaphoid was not only a function of its neighbouring bones, but also a 327 
function of the direction and amplitude of motion. The presence of scaphoid mobility during 328 
primary thumb motions might add to the current debate about the potential need for thumb 329 
immobilization in orthopaedic treatment of scaphoid fracture [33,34]. Conversely to the 330 
assertion that immobilization of the thumb appears unnecessary [33,34], our results suggest that 331 
the thumb should be included in the cast to prevent fracture displacement and to avoid non-332 
union of the scaphoid. In addition, our results show that the trapezium and scaphoid, as well as 333 
the MC1, rotate and translate along multiple axes during primary motions of the thumb, which 334 
agrees with the statement of Wolfe et al. [27], who reported a non-negligible amount of carpal 335 
bones translation and an out-of-plane rotation during Ex-Fl of the wrist. They also connected 336 
these insights with the high long-term failure potential of implant arthroplasty designs, which 337 
only restore limited translation abilities. Our results also support this hypothesis. 338 
 339 
 340 
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Screw-home mechanism  341 
It is well known to clinicians that a relatively large amount of passive axial rotation of the MC1 342 
is possible (approx. 45°) [8]. However, the forced axial rotation of the MC1, which occurs at 343 
the end phase of thumb flexion [8] and thumb opposition [4,5] is less well known. This 344 
phenomenon was recently named the ‘screw-home mechanism’ by Edmunds [4,5]. In our study, 345 
we quantified the amount of active axial rotation of the MC1 which occurs during full flexion 346 
and adduction of the thumb. We calculated a mean axial rotation of the MC1 of 13° during 347 
these movements, which supports the existence of a screw-home mechanism at the TMC joint. 348 
It is hypothesized that the coupling of axial rotation with MC1 flexion has an important 349 
stabilizing effect on the TMC joint because pronation of the MC1 leads to tightening of the 350 
dorsal ligaments [5, 35]. As described, but not quantified, by Edmunds [5]: ‘During the screw-351 
home torque phase of opposition, the anterior oblique ligament is completely lax and thus plays 352 
no role in prevention of dorsal subluxation, while there is a tensioning of the dorsal ligament 353 
complex, coupled to muscles action in the last phase of opposition, which drives the volar beak 354 
of the MC1 into its recess in the trapezium for rigid stability’. The important stabilizing function 355 
of the dorsal ligaments is also supported by recent studies [35,36]. 356 
 357 
 358 
Clinical relevance 359 
This study demonstrates the abilities of CT imaging for in vivo assessment of thumb kinematics, 360 
allowing clinician to design protocols to quantify subject-specific joints kinematics with limited 361 
radiation dose based on static extreme positions. In order to improve our understanding of 362 
thumb pathologies such as TMC OA or joint laxity, and to provide valuable data for implants 363 
design to ensure a long term success, we need to fully understand the biomechanical behaviour 364 
of the thumb, and include any significant component of its structure as part of its kinematics 365 
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chain. To our knowledge, the kinematics of the scaphoid and trapezium during the primary 366 
motions of the thumb have not yet been assessed. This study shows that even though their 367 
mobility is small, they are part of a kinematics chain which can affect the overall motion of the 368 
thumb, which should be taken into account when designing implants. There is a growing 369 
clinical evidence that implant failure can be associated with a lack of accuracy in their ability 370 
to replicate the motion of the native joint. Application of the dual mobility concept, developed 371 
by Bousquet in the 1970s for hip prosthesis [37], to TMC joint implants could find some success 372 
in the ability of the cup to absorb or compensate the trapezium motion, providing multiple 373 
rotation axes and decreasing biomechanical constraints on the trapezium. This dual mobility 374 
cup could offer a range of motion closest to the native joint, reduce the risk of early and late 375 
dislocation and cup loosening, which are the most frequent complications with the current TMC 376 
implants [38].  377 
 378 
Critical considerations 379 
An important limitation of the CT-based method for quantification of kinematics is the 380 
inevitable segmentation error associated with 3D reconstruction of the CT images. The 381 
accuracy of segmenting (long) bones has been investigated in previous research [39]. This study 382 
showed that CT-based 3D bone models have an average RMS error of 0.55 mm pointing to a 383 
small overestimation of the actual bone. Our group has also quantified the accuracy of CT-384 
based carpal kinematics using radiopaque beads implanted into the MC1 [40] demonstrating 385 
submillimetre accuracy (0.16 mm) of the CT-based method. In the current study, we used a 386 
similar data acquisition and segmentation protocol as in [39] and [40], with a corresponding 387 
accuracy. The movements calculated for the MC1, trapezium and scaphoid are superior to the 388 
estimated segmentation errors, allowing us to make a valid statement about their kinematics. 389 
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A second limitation of study is that we used a static imaging protocol and interpolated between 390 
two extreme positions to quantify the kinematics. This choice was particularly important to 391 
limit the radiation dose for the volunteers. Moreover, previous studies have shown that this 392 
methodology is a valid approach for the carpal kinematics evaluation [16,18,20]. 393 
Finally, this study focuses on Ex-Fl and Ab-Ad of the thumb using a rig for the standardization 394 
of the movements. We specifically chose to focus on Ex-Fl and Ab-Ad because any more 395 
complex motion of the thumb (e.g. opposition, circumduction) can be defined as a combination 396 
of these two principal motions [20]. While we acknowledge that the use of a customized rig 397 
might lead to non-spontaneous thumb movements, the use of a rig was necessary to standardize 398 
active thumb motion and allow comparison between participants and study groups. In addition, 399 
the same experimental setup and rig has been used in other studies focussing on TMC joint 400 
kinematics [16], allowing comparison across studies.  401 
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Conclusions 402 
This study demonstrates that Ex-Fl and Ab-Ad of the thumb result in rotations and translations 403 
of the entire kinematic chain of the thumb, including the MC1, trapezium and scaphoid, with 404 
most pronounced motion of the MC1. These findings confirm the complexity of thumb 405 
kinematics during primary physiological motions and support the existence of a screw-home 406 
mechanism [4,5,8]. To our knowledge, this study remains the first to quantify the kinematics 407 
of the trapezium and scaphoid during thumb motion, and provides a new set of data to 408 
understand joint kinematics. Such insights can be valuable in clinical practice, and might help 409 
to improve treatment strategies of joint disorders and implant design.  410 
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